The action of the left ventricle is impaired in aortic stenosis to a variable degree, and since the extent of myocardial damage will influence the management and prognosis in the individual patient, some way of determining myocardial function is required. For a full assessment of left ventricular performance it is necessary to measure the changes in both volume and pressure throughout the cardiac cycle. Pressure measurements are easily obtained by left heart catheterization, but provide an incomplete picture if the left ventricular volume is not known. The heart size on the chest radiograph is often used in the estimation of left ventricular volume in aortic stenosis, but a more precise measurement is desirable. The two presently available methods of volume determination involve measurement of the angiocardiogram taken in two planes, or the injection of cold saline into the left ventricle and the recording of the beat by beat temperature change in the ascending aorta. These methods are subject to different technical difficulties, and, as neither has received wide acceptance as providing an accurate estimate of left ventricular volume, we have included both in our routine preoperative assessment of patients with aortic stenosis. In this report we give the results of volume measurements in aortic stenosis, compare the angiocardiographic with the thermodilution technique, and show the poor relation between these measurements and the size of the heart in the conventional radiograph.
The action of the left ventricle is impaired in aortic stenosis to a variable degree, and since the extent of myocardial damage will influence the management and prognosis in the individual patient, some way of determining myocardial function is required. For a full assessment of left ventricular performance it is necessary to measure the changes in both volume and pressure throughout the cardiac cycle. Pressure measurements are easily obtained by left heart catheterization, but provide an incomplete picture if the left ventricular volume is not known. The heart size on the chest radiograph is often used in the estimation of left ventricular volume in aortic stenosis, but a more precise measurement is desirable. The two presently available methods of volume determination involve measurement of the angiocardiogram taken in two planes, or the injection of cold saline into the left ventricle and the recording of the beat by beat temperature change in the ascending aorta. These methods are subject to different technical difficulties, and, as neither has received wide acceptance as providing an accurate estimate of left ventricular volume, we have included both in our routine preoperative assessment of patients with aortic stenosis. In this report we give the results of volume measurements in aortic stenosis, compare the angiocardiographic with the thermodilution technique, and show the poor relation between these measurements and the size of the heart in the conventional radiograph.
PATIENTS AND METHODS
Left ventricular volume measurements were made during the course of pre-operative left heart catheterizaReceived October 12, 1967. tion in 23 patients with aortic stenosis, aged from 9 to 62 years, the obstruction being at valve level in all but one, where the stenosis was a subvalvar fibrous ring (Table I ). All patients were in sinus rhythm and, despite the frequent finding of an early diastolic murmur, none of the patients was judged on clinical or haemodynamic grounds to have significant aortic regurgitation. Volume measurements were not made when there was any mitral valve regurgitation.
A postero-anterior chest radiograph was available, taken at a tube to film distance of six feet for each patient, and from this the heart size was expressed as the cardiothoracic ratio.
In early studies promethazine (phenergan) 50 mg. was given intramuscularly before the procedure, but later investigations were carried out without premedication. Catheterization of the right heart from the right long saphenous vein using local skin anaesthesia was followed in each case by transseptal puncture, placing a Brockenbrough catheter in the left ventricle. A No. 6 Gensini catheter was placed in the femoral artery by the percutaneous method and advanced to the ascending aorta. The cardiac output was measured by the injection of indocyanine green into the left ventricle and the withdrawal of blood from the aorta through a Gilford cuvette, calibration being carried out by the dynamic method (Emanuel et al., 1966; Shineboume, Fleming, and Hamer, 1967) . Simultaneous left ventricular and aortic pressures were recorded photographically, with the baseline at the sternal angle, using Statham P23Gb strain gauge transducers, and left ventricular volume was then measured by a thermodilution and an angiocardiographic method. (Holt, 1956; Hamer and Fleming, 1967 (Fleming and Watson, 1967) . The average magnification factors for the apparatus, determined by direct measurement of Starr-Edwards valve rings in a number of patients, are 1-2 for the antero-posterior view and 1-3 for the lateral, and these average factors were used for every patient. The left ventricular volume was calculated according to the method of Arvidsson (1961) , assuming the chamber to be an ellipsoid and measuring the long and short axes in both planes. The left ventricular end-diastolic volume was measured from the film exposed during the inscription of the R wave and the end-systolic volume at the end of the T wave of the electrocardiogram. No beat was used for volume measurements unless separated from a premature contraction by a normal beat.
In 14 patients, angiocardiography was performed within 10 minutes of completing the thermodilution studies, without any evident change in the physiological state. In these patients the end-diastolic volumes obtained by the two methods were compared.
RESULTS
The average end-diastolic volume for the 20 patients studied by thermodilution was 142 ml./m.2, SD 34 ml./m.2, and for the 19 patients in whom angiocardiographic measurements were made, the average was 141 ml./m.2, SD 36 ml./m.2 (Table II) . The frequency distribution of the thermodilution and angiocardiographic volume measurements is illustrated in Fig. 1 and 2 .
The end-diastolic volume of the left ventricle measured within a ten-minute period by both the angiocardiographic and the thermodilution method in 14 patients during the course of one catheter study are compared in a scatter diagram (Fig. 3) . The mean value is similar by both methods, and for the individual patients there is reasonable agreement (r = 0-66, p<0-01).
The cardiothoracic ratio was measured from the postero-anterior chest radiograph and compared with the measured end-diastolic volume for each patient (Fig. 4) . There was no significant correlation between the heart size on the chest x-ray, and (Fig. 6 ).
In Fig. 7 the left ventricular end-diastolic volume is compared with the end-diastolic pressure meassured through the transseptal catheter. No relation is apparent between left ventricular volume and end-diastolic pressure. The papillary muscles are included and the subaortic region excluded from the volume which is measured, and the irregular trabeculae make it difficult to define the limits of the ventricular cavity, particularly in systole. Estimation of the three diameters of the ellipsoid from angiocardiograms in two planes requires correction of the measurements made on the radiograph to allow for the oblique position of the heart in the chest. Arvidsson (1961) proposed to make this correction for the long dia- group.bmj.com on June 21, 2017 -Published by http://heart.bmj.com/ Downloaded from meter only, and we have followed his technique. Various proposals have been made to make the method easier, but any simplification must necessarily increase the error (Dodge et al., 1960 Other workers (Dodge, Hay, and Sandler, 1962; Miller and Swan, 1964) (Hallerman, Rastelli, and Swan, 1963) , the immediate effect may be compensated by a transient decrease in venous return, particularly in the presence of left ventricular failure. The action of the contrast medium on the coronary vascular bed may also lead to dilatation of the left ventricle. However, the extent of these changes at the time the angiocardiogram is taken is still in doubt, and Dodge et al. (1966) have shown that no significant change in left ventricular volume took place during the five consecutive beats in which the films were taken.
Comparison of Methods. Most comparisons of these two techniques have been indirect. There is a consistent tendency for angiocardiographic measurements to show a greater degree of emptying of the left ventricle than is found with the thermodilution technique. Good agreement has been demonstrated between left ventricular casts and angiocardiographic measurements when an arbitrary correction is applied (Dodge et al., 1960) .
The need to apply correcting factors suggests that the angiocardiographic measurements overestimate left ventricular volume, but the relevance of these measurements to the situation in vivo is doubtful.
The lesser degree of emptying of the left ventricle found with the thermodilution technique is confirmed by other indicator methods (Wilcken, 1965) and by radioisotope methods (Folse and Braunwald, 1962) , suggesting that loss of the thermal indicator through the ventricular wall is not a major source of error. The changes in myocardial fibre length needed for this degree of emptying are consistent with microscopical evidence of the behaviour of the sarcomere (Sonnenblick, Spiro, and Spotnitz, 1964) , and it is difficult to explain the greater degree of emptying predicted from angiocardiography on this basis.
Few direct comparisons of the two techniques have been reported. Hallerman et al. (1963) found poor agreement in dogs using cine-angiocardiography in one plane only, with much larger values by the thermodilution method. The technical errors with fast heart rates in small animals are formidable. Bartle and Sanmarco (1966) compared biplane angiocardiography with simultaneous thermodilution measurements in both men and dogs, and also found significantly larger values by thermodilution.
The good agreement between thermodilution and angiocardiographic estimates of left ventricular volume in the present study suggests that both methods are valid. The results of thermodilution measurements have been amply confirmed during the techniques of dye dilution and radioisotope injection, and we suggest that the discrepancy between thermodilution and angiocardiographic estimates of left ventricular volume found by others is due in part to the application of an arbitrary correction factor when using the angiocardiographic method. Our difficulties with the angiocardiographic measurement of end-systolic volume lead us to suspect that it is an error in this measurement that has given rise to unacceptable values for the stroke volume and the adoption of this correction factor.
It is, of course, possible that both methods overestimate the end-diastolic volume to a similar extent. Mixing errors are suspected as a cause of such an effect in the thermodilution technique and the injection of a large volume of contrast medium into the left ventricle may increase the volume of this chamber. Despite these objections, it seems reasonable to conclude from the data presented that our measurements provide a satisfactory indication of the left ventricular volume in our patients with aortic stenosis.
It is unlikely that the cardiothoracic ratio measured from the straight chest x-ray could provide a good measure of left ventricular volume and this has been our finding. Linear measurements on the plain x-ray do not conform to any specific anatomical planes, and include a variable and unknown contribution from right ventricle, right atrium, and occasionally even left atrium.
Left Ventricular Volume in Aortic Stenosis. The mean values for the end-diastolic volumes of the groups of patients with aortic stenosis studied here are significantly in excess of the figures quoted for normal subjects: 70 ml./m.2 (SD 20 ml./m.2) for angiocardiographic measurement (Kennedy et al., 1966) ,.96 ml./m.2 (SD 30 ml./m.2) for thermodilution measurement . However, 6 of our patients studied by thermodilution had enddiastolic volumes within the normal range. These results are in close agreement with the findings of other workers who also report abnormally large enddiastolic volumes in some patients when measured by indicator dilution Bristow et al., 1964; Folse and Braunwald, 1962) and by angiocardiography (Jones et al., 1964) . Linden and Mitchell (1960) have shown that in dogs the end-diastolic length of a ventricular muscle segment is related to end-diastolic pressure, and Braunwald et al. (1960) have demonstrated that this also applies in man. End-diastolic pressure measured in the left ventricle has been used by some workers, in the absence of volume studies, to assess the probable size of the left ventricular cavity. When the end-diastolic pressure in the left ventricle measured at left heart catheterization is compared with the end-diastolic volume calculated from the angiocardiogram (Fig. 7) , a wide variation in enddiastolic pressures is found, at both normal and large end-diastolic volumes. Of particular interest are the patients having high end-diastolic pressures, but volumes within the normal range, agreeing with the findings in aortic stenosis of Gorlin et al. (1964) , Braunwald and Ross (1963) , and Dodge et al. (1962) .
Braunwald et al. (1960) and Lewis et al. (1965) have concluded that the physical properties of the ventricle are altered by left ventricular hypertrophy, the outstanding example being hypertrophic obstructive cardiomyopathy, in which the left ventricular cavity is small and the left ventricular enddiastolic pressure often considerably raised. This concept of an altered compliance of the left ventricular wall during diastole as a result of left ventricular hypertrophy may explain the frequent finding of high end-diastolic pressure with normal enddiastolic volume in patients with aortic valve stenosis, and will also account for the lack of correlation between pressure and volume in the patients studied here. It seems clear from the lack of correlation between pressure and volume measurements in this and other studies that in aortic stenosis the left ventricular volume cannot be predicted from a measurement of the left ventricular end-diastolic pressure.
SUMMARY
Left ventricular end-diastolic volumes have been measured in 23 patients with aortic stenosis, and the agreement between the values obtained by the angiographic method and the thermodilution method when both were used in the same patient suggests that both methods give valid estimates of ventricular volume in this condition. The transverse diameter of the heart, measured as the cardiothoracic ratio on the straight postero-anterior chest radiograph, correlates poorly with the direct measurement of left ventricular volume. Left ventricular volume is well above the accepted limit of the normal in many patients with aortic stenosis.
The left ventricular end-diastolic pressure gives no indication of the volume of the left ventricle in aortic stenosis, and it appears that the distensibility of the left ventricle varies widely from one patient to another. 
